In freshwater lakes and reservoirs, climate change and eutrophication are increasing the occurrence of low-dissolved oxygen concentrations (hypoxia), which has the potential to alter the variability of zooplankton seasonal dynamics. We sampled zooplankton and physical, chemical and biological variables (e.g., temperature, dissolved oxygen, and chlorophyll a) in four reservoirs during the summer stratified period for three consecutive years. The hypolimnion (bottom waters) of two reservoirs remained oxic throughout the entire stratified period, whereas the hypolimnion of the other two reservoirs became hypoxic during the stratified period. Biomass variability (measured as the coefficient of the variation of zooplankton biomass) and compositional variability (measured as the community composition of zooplankton) of crustacean zooplankton communities were similar throughout the summer in the oxic reservoirs; however, biomass variability and compositional variability significantly increased after the onset of hypoxia in the two seasonally-hypoxic reservoirs. The increase in biomass variability in the seasonally-hypoxic reservoirs was driven largely by an increase in the variability of copepod biomass, while the increase in compositional variability was driven by increased variability in the dominance (proportion of total crustacean zooplankton biomass) of copepod taxa. Our results suggest that hypoxia may increase the seasonal variability of crustacean zooplankton communities. reservoirs due to climate change, as the strength of thermal stratification increases due to warmer surface water (epilimnion) temperatures, thereby decreasing the exchange of oxygen between the epilimnion and hypolimnion [15] [16] [17] . Higher nutrient concentrations due to eutrophication from land use change are also driving a decrease in DO concentrations in the hypolimnion of many waterbodies [18] [19] [20] .
Introduction
Global change is resulting in more variable environmental conditions in both terrestrial and aquatic ecosystems [1] [2] [3] , which may in turn be altering the variability of biotic communities [4] [5] [6] . Here we define variability as biomass variability, that is, as the temporal variability of biomass in an ecological community that is summed across all taxa present [7, 8] , and compositional variability as the relative change in the composition of taxa within that community [9] [10] [11] . Understanding the variability of ecological communities is critical to predicting how ecosystems will respond to environmental change [12] .
Decreasing dissolved oxygen (DO) concentrations below 2 mg L −1 in the bottom waters of lakes and reservoirs (hypolimnetic hypoxia) may disrupt biotic interactions and change the variability of freshwater ecological communities [13, 14] . Hypolimnetic hypoxia is increasing in many lakes and these reservoirs have bluegill, sunfish and smallmouth and largemouth bass (Virginia Department of Game and Inland Fisheries, unpublished data; Western Virginia Water Authority, unpublished data). CCR and SHR are drinking water supply reservoirs for the city of Roanoke, Virginia, and have bubble plume oxygenation systems, which maintain oxic conditions in their hypolimnia throughout the year [36, 37] . BVR, a secondary drinking water supply reservoir for the city of Roanoke, and GWR, a drinking water supply reservoir for the town of Pulaski, Virginia, USA, do not have oxygenation systems [37, 38] . The hypolimnia of BVR and GWR become hypoxic after the onset of thermal stratification in the spring. 
Seasonal Sampling
CCR, BVR and GWR were sampled approximately fortnightly during the thermally-stratified period (May-September) during daytime hours (9:00-17:00) from 2014-2016. SHR was sampled the same way, but only in 2014 and 2015 due to logistical constraints. The reservoirs were all sampled at their respective deepest locations near the dam (GPS coordinates above).
On each sampling date, we sampled physical, chemical and biological variables. We collected high-resolution (4 Hz sampling rate) temperature and dissolved oxygen (DO) depth profiles from the surface of the water column to the sediments using a Conductivity, Temperature, Depth Profiler (CTD; SeaBird Electronics, Bellevue, Washington, USA) coupled with an SBE 43 DO membrane sensor. On dates when the CTD was not available, we collected depth profiles of temperature and DO using a YSI multi-parameter sonde (YSI, Inc., Yellow Springs, Ohio, USA) at 0.5 to 1 m increments from the surface to the sediments of the water column.
In 2015 and 2016, we collected high-frequency measurements of total phytoplankton biomass using a FluoroProbe (bbe Moldaenke, Schwentinental, Germany), that measures phytoplankton biomass at~20-40 cm depth increments from the surface to the sediments [39] [40] [41] . In 2014, the FluoroProbe was not available on all sampling dates, so total phytoplankton biomass was estimated as chlorophyll a concentration from filtered manual water samples. We collected water in opaque bottles for chlorophyll a on all sample dates at both the subsurface (0.1 m depth) and the thermocline, as determined by the CTD or the YSI, using a 4-L Van Dorn sampler (Wildco Supply Company, Yulee, FL, USA). Approximately 500 mL of water was filtered through 1.2-µm Whatman GF/C filters and frozen until laboratory analysis. To verify that there were no differences between the two sampling methods for phytoplankton estimates, we compared the mean epilimnetic chlorophyll a concentration with mean epilimnetic FluoroProbe total phytoplankton biomass on fourteen dates when both were used simultaneously in 2014, and found no significant difference in phytoplankton estimates (Paired t-test: P = 0.14). Therefore, we determined chlorophyll a to be a proxy for phytoplankton biomass in our study, and thus reported phytoplankton estimates as phytoplankton biomass.
We also collected unfiltered subsurface (0.1 m depth) water samples for total nitrogen (TN) and total phosphorus (TP), and measured water clarity with a Secchi disk to provide additional metrics of reservoir trophic status. The bottles used to collect water samples for TN and TP were acid-washed prior to use, and water samples were frozen until analysis in the laboratory.
Zooplankton were collected with 74-µm mesh size vertical tow nets (Wildlife Supply Company, Yulee, FL, USA) on each day of data collection. Vertical tow nets were lowered to approximately 0.5 m above the sediments to the water surface at a constant speed in CCR, BVR and GWR. Because SHR is much deeper (Table 1) than the other three reservoirs, we only collected vertical tows from 30 m depth to the surface to avoid net efficiency issues [42, 43] . Collected zooplankton samples were immediately preserved in 70% ethanol for later enumeration in the lab.
Laboratory Analyses
TN and TP concentrations were measured following the United States Geological Survey (USGS) method I-4650-03 after a persulfate digestion using a Lachat flow-injection analyzer (Lachat ASX 520 Series, Lachat Instruments, Loveland, CO, USA). In 2014, chlorophyll a was extracted from filters for 24 h in 10 mL of 96% ethanol buffered with MgCO 3 , and then centrifuged for 10 min. Absorbances at 664, 665 and 750 nm were recorded for the samples on a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan) and then the samples were acidified with 0.1 mL of 0.1 N HCl to ultimately measure chlorophyll a concentration from living cells [44] .
All crustacean zooplankton (sum of the copepods and cladocera) were identified to the genus level for cladocera and calanoid copepods, and to the order for cyclopoid copepods, using a Meiji RZ dissecting microscope (Meiji Techno, San Jose, CA, USA) at 50× magnification. At least 100 individual zooplankton were counted in each sample to ensure the identification of rare taxa. The counts of zooplankton in each sample were converted to zooplankton density (individuals L −1 ) in the water column by scaling the count data to the total volume of water sampled in the water column by the vertical net tows [42] . The lengths of the first ten observed individuals of each zooplankton taxon in each sample were measured to calculate biomass via length-weight regressions [42] . Larger predatory zooplankton such as Leptodora and Chaoborus were counted in each sample, but were not the focus in this study; therefore, these two taxa were not included in any analyses. Each reservoir had both Leptodora and Chaoborus present, but at very low densities. All samples were collected during daytime hours, and so Chaoborus estimates were not complete, because Chaoborus often burrows into the bottom sediments during the day. Leptodora was only sporadically present in the reservoirs (n = 3) at very low densities and biomass; therefore, not including Leptodora in our analyses did not affect results, nor can conclusions about Leptodora be reported because of the low sample size.
Data Analyses
Our goal was to examine how the presence or absence of hypolimnetic hypoxia affected the variability of the zooplankton community throughout the summer stratified season, while also accounting for the changes in the zooplankton community that naturally occur from early to late summer due to seasonal succession [26, 45, 46] . To conduct these comparisons, we followed the precedent of prior studies, which divided the summer stratified season into different periods [26, 47] . We used the terms "early" and "late" stratified periods to denote approximately the first and second half of the monitoring period of each reservoir, not the entire stratified period, which represented April-October. We then compared the variability of the zooplankton community between these early and late summer stratified periods in reservoirs that exhibited late summer oxic vs. hypoxic hypolimnetic conditions.
Our main response variables were the biomass variability of crustacean, copepod and cladoceran zooplankton, and the compositional variability of crustacean zooplankton biomass. Biomass variability was measured as the coefficient of variation (CV) of total crustacean, cladoceran and copepod zooplankton biomass [8, 48] . Compositional variability for the crustacean zooplankton communities was calculated from quantifying biomass for each taxon on each sampling day and then through measuring multivariate dispersion by Euclidean distance using the betadisper function in the vegan package in R [49] [50] [51] [52] . We calculated compositional variability of the zooplankton communities using the Bray-Curtis index to assess differences in taxa dominance in the zooplankton community [53] . We did not conduct compositional variability analyses using the Jaccard index, which is based on taxa presence/absence comparisons, because of the low number of zooplankton genera present in the reservoirs.
We first performed Kruskal-Wallis analyses to test the effect of sampling year (2014, 2015, and 2016) on the biomass variability and compositional variability of the zooplankton response variables to confirm the independence of zooplankton communities among years. We chose Kruskal-Wallis tests for these analyses because of the unbalanced sample sizes of reservoirs among years, as no zooplankton community data were collected in SHR in 2016.
To demarcate the early vs. late stratified periods each year in BVR and GWR, the two reservoirs that exhibited summer hypolimnetic hypoxia, we first determined the depth of the thermocline on each sampling date using rLakeAnalyzer [54] , and then calculated the mean hypolimnetic DO concentrations on the sampling dates from the CTD or YSI DO profiles. We used the mean hypolimnetic DO concentrations to identify the timing of the oxic (DO > 2 mg L −1 ) and hypoxic (DO ≤ 2 mg L −1 ) periods within each summer (Table A1 ). The hypolimnion in GWR and BVR became hypoxic between late June and mid-July every year, except in BVR in 2015, when the hypolimnion became hypoxic prior to the beginning of the sampling season (14 May), so it was impossible to demarcate the onset of hypoxia in the BVR that year. We assigned 20 July as the breakpoint between the early and late stratified periods in CCR and SHR, the two reservoirs that never exhibited hypoxia, across all years because both BVR and GWR always exhibited hypolimnetic hypoxia after this date every year, and this delineation evenly divided the number of sampling dates between the early and late stratified periods. To ensure that our results were not confounded by the delineation of the early vs. late stratified periods, we reran all analyses with different breakpoints between the early and late stratified period that ranged from ± 1 week of the oxic/hypoxic boundaries (Tables A2 and A3 ).
We then calculated the biomass variability of crustacean, copepod and cladoceran zooplankton measured on sample days within the early stratified vs. late stratified periods for each reservoir and year. To account for different numbers of sampling dates in the early vs. late stratified periods, we randomly sampled the minimum number of observations (n = 3) during the shortest early or late period 1000 times (mean n of observations within a period = 5.2 ± 2.1, 1 SD) [55, 56] . We calculated the mean CV from the 1000 samples to ensure that the biomass variability estimates were comparable between early and late stratified periods. We similarly repeated the bootstrapping to calculate the compositional variability from the minimum number of observations during a stratified period. Only the compositional variability of the aggregated crustacean zooplankton community (not individual copepod or cladoceran groups) was calculated, since there were only two copepod genera in the reservoirs.
Wilcoxon signed rank tests were performed to compare changes in the biomass variability and compositional variability of the reservoirs' zooplankton communities between the early and late stratified periods. We grouped the reservoirs by whether they exhibited summer hypolimnetic hypoxia (i.e., oxic CCR and SHR vs. hypoxic BVR and GWR) and performed the two-tailed tests separately for the biomass variability of total crustacean, copepod, and cladoceran zooplankton and the compositional variability of crustacean zooplankton biomass in the oxic vs. hypoxic reservoirs. Wilcoxon signed rank tests were required because there was not a seasonally oxic period of the sampling season for BVR in 2015, and no samples were analyzed from SHR in 2016, creating an unbalanced design.
Finally, we analyzed the differences in mean hypolimnetic DO concentration, water column temperature, mean epilimnetic phytoplankton biomass, Secchi disk depth, TN concentration and TP concentration between the early vs. late stratified periods with Wilcoxon signed rank tests. These analyses were performed to assess which environmental variables other than hypolimnetic DO concentrations changed between the periods.
All analyses were performed in R v.3.5.1 (R Core Development Team, 2018). Given the small number of reservoirs in our analyses, we interpreted statistical significance at α = 0.10.
Results

Seasonal Temperature, DO, Water Chemistry, and Phytoplankton Biomass
The four reservoirs exhibited similar thermal structure throughout the sampling period. Thermal stratification developed at the beginning of May in all four reservoirs in all three years ( Figure 1A ,C,E,G; Figures A1 and A2 ), which exhibited similar mean seasonal thermocline depths across all three years (CCR: 6.6 ± 1.0 m (1 SD), SHR: 5.0 ± 0.8 m, BVR: 4.4 ± 0.9 m, GWR: 6.6 ± 1.7 m). The water temperatures of the four reservoirs were similar, with maximum epilimnetic temperatures of 27-30 • C and hypolimnetic temperatures between 10-15 • C during the monitoring period across years. Both oxic and hypoxic reservoirs exhibited warming water column maximum temperatures between the early and late stratified periods, with a slightly greater mean increase in the hypoxic reservoirs than the oxic reservoirs (2.62 ± 1.65 • C vs. 1.78 ± 1.32 • C, respectively; Table 2 ; Figure 2C ,D).
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The four reservoirs exhibited similar thermal structure throughout the sampling period. Thermal stratification developed at the beginning of May in all four reservoirs in all three years ( Figure 1A , C, E, G; Figures A1 and A2 ), which exhibited similar mean seasonal thermocline depths across all three years (CCR: 6.6 ± 1.0 m (1 SD), SHR: 5.0 ± 0.8 m, BVR: 4.4 ± 0.9 m, GWR: 6.6 ± 1.7 m). The water temperatures of the four reservoirs were similar, with maximum epilimnetic temperatures of 27-30 °C and hypolimnetic temperatures between 10-15 °C during the monitoring period across years. Both oxic and hypoxic reservoirs exhibited warming water column maximum temperatures between the early and late stratified periods, with a slightly greater mean increase in the hypoxic reservoirs than the oxic reservoirs (2.62 ± 1.65 °C vs. 1.78 ± 1.32 °C, respectively; Table 2 ; Figure 2C , D). Table 2 . Wilcoxon signed rank test statistics of the difference in environmental variables between the early and late stratified periods of the reservoirs that remained oxic and the reservoirs that exhibited hypoxia in the late stratified periods across years. A positive difference means that the value increased from the early to late stratified period. Bold P-values highlight statistically significant two-tailed P-values (P < 0.10). Figure 1F ) and the BVR ( Figure 1H ) were oxic at the onset of thermal stratification but became hypoxic generally in late-June to mid-July in the GWR and mid-June to Figure 1F ) and the BVR ( Figure 1H ) were oxic at the onset of thermal stratification but became hypoxic generally in late-June to mid-July in the GWR and mid-June to early-July in the BVR, except for in 2015. In 2015, the hypolimnion of the BVR became hypoxic at the onset of thermal stratification at the beginning of the sampling season in mid-May (Table A1 ; Figure A1 ). Mean hypolimnetic DO concentration was approximately 7× lower in the late stratified period in BVR and GWR vs. in those two reservoirs' early stratified periods (early vs. late mean hypolimnetic DO concentration: 4.6 ± 0.8 mg L −1 vs. 0.7 ± 0.3 mg L −1 , respectively; Figure 2A ,B). Wilcoxon signed rank tests confirm significant differences between the early vs. late stratified periods in the hypoxic, but not oxic, reservoirs ( Table 2 ).
Response
In addition to DO, other environmental variables exhibited differences between the early vs. late stratified periods among the reservoirs. Secchi disk depths were deeper in the SHR (8.8 ± 2.5 m, 1 SD) and CCR (4.2 ± 0.8 m) compared to GWR (3.5 ± 0.6 m) and BVR (3.1 ± 0.7 m) across years (Table 3) . Nutrient concentrations and phytoplankton biomass were generally lower in the SHR and CCR compared to the GWR and BVR across years (Table 3) . Generally, water quality improved in the oxic reservoirs in the late vs. early stratified period (as indicated by significantly deeper Secchi disk depths and lower TP concentrations), while water quality decreased in the hypoxic reservoirs (as indicated by significantly greater phytoplankton biomass and TN concentrations; Figure 2E ,F; Table 2 ; Table 3 ). Table 3 . Water quality characteristics of the four reservoir study sites between the early and late stratified periods across the sampling years. The delineation of the early and late stratified period in Carvins Cove and Spring Hollow was 20 July each year. In Beaverdam and Gatewood, the early and late stratified period was determined by the date of the onset of hypolimnetic hypoxia each year (Table A1) . Total nitrogen and total phosphorus data are means ± 1 standard deviation (SD) from subsurface (0.1 m) water sampling. Secchi disk depth is the mean of the Secchi disk depths recorded from each period. Epilimnetic phytoplankton biomass is the mean phytoplankton biomass measured in the epilimnion. * next to Beaverdam and Gatewood in the late stratified period indicate hypolimnetic hypoxia.
Reservoir
Total Nitrogen ± 1 SD (µg/L) 
Zooplankton Seasonal Biomass Dynamics
Seasonal crustacean zooplankton biomass varied substantially among the reservoirs (Figure 3 ). Mean crustacean zooplankton biomass in SHR (43.3 ± 33.7 µg DW L −1 , 1 SD) was more than 2× greater than in CCR (17.7 ± 9.6 µg DW L −1 ) and GWR (18.6 ± 14.7 µg DW L −1 ), and 6× greater than in BVR (6.9 ± 5.3 µg DW L −1 ) across years and the stratified period. CCR, SHR and BVR generally exhibited their crustacean zooplankton biomass maximum in June or July, as is expected from typical seasonal succession. A zooplankton peak was not discernable in BVR in 2015, when the hypolimnion of BVR became hypoxic early in the stratified period ( Figure 3C ). GWR did not have a crustacean zooplankton biomass maximum in June or July; however, it is possible that the zooplankton peak in this GWR occurred before our sampling period started ( Figure  3D ) because crustacean zooplankton biomass was often relatively high on the first sampling date in May. The crustacean zooplankton biomass in BVR varied substantially within the late stratified period and across years, with no consistent patterns ( Figure 3C ).
The zooplankton community in the late stratified period of the seasonally hypoxic reservoirs varied substantially from the zooplankton community in the late stratified period in the seasonally oxic reservoirs (Table 4 ; Figure 4 ; Figure A3 ). SHR was the only reservoir that was dominated by Daphnia spp., mainly Daphnia catawba ( Figure 4B ). Daphnia spp. comprised 63.5 ± 27.2% of the crustacean zooplankton biomass across years in SHR (82.6 ± 9.7% in the early stratified period and 39.6 ± 22.3% in the late stratified period), whereas Daphnia spp. only comprised 8.5 ± 17.5% of the crustacean zooplankton community across all years in CCR, BVR and GWR (Figures 4A, C, D; Table  4 ; Figure A3 ). CCR, SHR and BVR generally exhibited their crustacean zooplankton biomass maximum in June or July, as is expected from typical seasonal succession. A zooplankton peak was not discernable in BVR in 2015, when the hypolimnion of BVR became hypoxic early in the stratified period ( Figure 3C ). GWR did not have a crustacean zooplankton biomass maximum in June or July; however, it is possible that the zooplankton peak in this GWR occurred before our sampling period started ( Figure 3D ) because crustacean zooplankton biomass was often relatively high on the first sampling date in May. The crustacean zooplankton biomass in BVR varied substantially within the late stratified period and across years, with no consistent patterns ( Figure 3C ).
The zooplankton community in the late stratified period of the seasonally hypoxic reservoirs varied substantially from the zooplankton community in the late stratified period in the seasonally oxic reservoirs (Table 4 ; Figure 4 ; Figure A3 ). SHR was the only reservoir that was dominated by Daphnia spp., mainly Daphnia catawba ( Figure 4B ). Daphnia spp. comprised 63.5 ± 27.2% of the crustacean zooplankton biomass across years in SHR (82.6 ± 9.7% in the early stratified period and 39.6 ± 22.3% in the late stratified period), whereas Daphnia spp. only comprised 8.5 ± 17.5% of the crustacean zooplankton community across all years in CCR, BVR and GWR ( Figure 4A ,C,D; Table 4 ; Figure A3 ). In contrast to SHR, the crustacean zooplankton communities in CCR, BVR, and GWR were largely dominated by cyclopoid copepods, mainly Mesocyclops spp., regardless of the stratified period. Cyclopoids comprised 66.8 ± 22.6% of the crustacean zooplankton biomass across years in CCR, BVR, and GWR (range: 55.2-77.5%), and only comprised 22.5 ± 15.2% across years in SHR ( Figure 4 ; Table 4 ; Figure A3 ). The copepod Diaptomus sicilis comprised 23.3 ± 18.2% and 13.6 ± 14.3% In contrast to SHR, the crustacean zooplankton communities in CCR, BVR, and GWR were largely dominated by cyclopoid copepods, mainly Mesocyclops spp., regardless of the stratified period. Cyclopoids comprised 66.8 ± 22.6% of the crustacean zooplankton biomass across years in CCR, BVR, and GWR (range: 55.2-77.5%), and only comprised 22.5 ± 15.2% across years in SHR ( Figure 4 ; Table 4 ; Figure A3 ). The copepod Diaptomus sicilis comprised 23.3 ± 18.2% and 13.6 ± 14.3% of the crustacean zooplankton biomass across years in CCR and SHR, respectively, but less than 3% of the crustacean zooplankton biomass in BVR and GWR (Figure 4 ). D. sicilis had greater dominance in the zooplankton community in the late stratified period in CCR (37.5 ± 14.1%) and SHR (25.2 ± 14.5%) vs. the late stratified period in the hypoxic reservoirs. Other zooplankton taxa (e.g., Bosmina longirostris, Ceriodaphnia spp. Chydorus spp., and Diaphanosoma spp.) generally comprised < 5-10% of the zooplankton biomass when present, and these smaller cladoceran taxa were generally more dominant in the late stratified period in the seasonally hypoxic reservoirs vs. the seasonally oxic reservoirs ( Figure 4C,D) .
Biomass Variability of Zooplankton Communities
No significant effect of year existed for crustacean zooplankton, cladoceran and copepod biomass variability (Kruskal-Wallis: All H ≤ 2.96, P ≥ 0.23). Therefore, we treated each year as an independent replicate for subsequent analyses.
No significant difference existed in total crustacean and cladoceran zooplankton biomass variability in the oxic reservoirs between the early and late stratified periods (Wilcoxon signed rank tests: P ≥ 0.13; Table 5 , Figure 5C ). However, contrary to our prediction, the seasonally hypoxic reservoirs had significantly higher total crustacean, cladoceran and copepod biomass variability in the late stratified period than in the early stratified period (P ≤ 0.06; Table 5 , Figure 5B ,D). Total crustacean zooplankton and copepod biomass variability was~2× greater later in the season when hypolimnetic hypoxia developed in the seasonally hypoxic reservoirs compared to the early stratified period when those reservoirs' hypolimnia were still oxic. The copepod community exhibited a significant decrease in biomass variability from the early to late stratified period in the oxic reservoirs, opposite from the increase in the hypoxic reservoirs ( Figure 5A ; Table 5 ). The overall results were similar regardless of which early vs. late stratified period breakpoint was used (Tables A2 and A3) ; crustacean zooplankton and copepod biomass variability remained significantly higher in the late vs. early stratified period in the seasonally hypoxic reservoirs, but not in the oxic reservoirs. Cladoceran biomass variability was significantly higher in the late vs. early stratified period in the seasonally hypoxic reservoirs when the season breakpoint was one week earlier, but not one week later (Tables A2 and A3 ). Table 5 . Wilcoxon signed rank test statistics of the difference in crustacean zooplankton, cladoceran and copepod biomass variability and the compositional variability of crustacean zooplankton biomass between the early (when all reservoirs were oxic) and late stratified periods across years in oxic and hypoxic reservoirs. Only the compositional variability of total crustacean zooplankton (not individual copepod or cladoceran group taxa) was calculated because there were only two copepod taxa present in the reservoirs. A positive mean difference indicates that the value increased from the early to late stratified period. Bold P-values highlight statistically significant (P < 0.10) two-tailed P-values.
Response Variable Taxon
Hypolimnetic Oxygen Regime A, B) and cladoceran (C, D) biomass variability between the early and late stratified periods for the seasonally oxic reservoirs (left column) and seasonally hypoxic reservoirs (right column). Note the different scales in copepod and cladoceran biomass variability. Table 5 . Wilcoxon signed rank test statistics of the difference in crustacean zooplankton, cladoceran and copepod biomass variability and the compositional variability of crustacean zooplankton biomass between the early (when all reservoirs were oxic) and late stratified periods across years in oxic and hypoxic reservoirs. Only the compositional variability of total crustacean zooplankton (not individual copepod or cladoceran group taxa) was calculated because there were only two copepod taxa present in the reservoirs. A positive mean difference indicates that the value increased from the early to late stratified period. Bold P-values highlight statistically significant (P < 0.10) two-tailed Pvalues. 
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Compositional Variability of Zooplankton Communities
Just as with biomass variability, there was no significant effect of year on compositional crustacean zooplankton variability (Kruskal-Wallis: H ≤ 0.21; P ≥ 0.90). Therefore, we treated each year as an independent replicate for analysis on the effects of hypolimnetic hypoxia on the compositional variability of crustacean zooplankton biomass. 
Just as with biomass variability, there was no significant effect of year on compositional crustacean zooplankton variability (Kruskal-Wallis: H ≤ 0.21; P ≥ 0.90). Therefore, we treated each year as an independent replicate for analysis on the effects of hypolimnetic hypoxia on the compositional variability of crustacean zooplankton biomass.
Counter to our original predictions and similar to biomass variability, the seasonally hypoxic reservoirs (BVR and GWR) had a significantly greater compositional variability of crustacean zooplankton in the late stratified period than the early stratified period, while compositional variability did not significantly change in the oxic reservoirs (CCR and SHR) between the late and early stratified periods (Table 5 ; Figure 6A,B ). In the late stratified period, the compositional variability was 1.5 to 2× greater in reservoirs with hypoxic hypolimnia versus the reservoirs with oxic hypolimnia. Results were similar regardless of the breakpoint date between early and late stratified periods (Tables A2 and A3) , except that seasonally oxic reservoirs had a significantly lower crustacean zooplankton compositional variability in the late vs. early stratified period when the season breakpoint demarcation was one week later (Table A2 ).
compositional variability was 1.5 to 2× greater in reservoirs with hypoxic hypolimnia versus the reservoirs with oxic hypolimnia. Results were similar regardless of the breakpoint date between early and late stratified periods (Tables A2 and A3 ), except that seasonally oxic reservoirs had a significantly lower crustacean zooplankton compositional variability in the late vs. early stratified period when the season breakpoint demarcation was one week later (Table A2 ). 
Discussion
Global change is predicted to create more variable environmental conditions [1] [2] [3] , which can alter community interactions and the variability of ecological communities [4] [5] [6] . Contrary to our predictions, we found that hypolimnetic hypoxia was associated with an increased biomass variability and compositional variability of crustacean zooplankton communities in reservoirs. Our data suggest that the variability of zooplankton communities may increase with hypolimnetic hypoxia in temperate inland waterbodies.
Total crustacean, cladoceran and copepod zooplankton biomass variability significantly increased from the early to late stratified period in the hypoxic reservoirs, but did not significantly change in the seasonally oxic reservoirs in the late stratified period (except for the copepods, which exhibited a decrease in biomass variability). The biomass variability increase in the hypoxic reservoirs was largely driven by copepods, which are generally the dominant group of zooplankton present in temperate waterbodies in the late stratified period [26, 27] . In almost all reservoirs and years, a zooplankton maximum was present in the early stratified period in each reservoir (except the GWR, but it is possible that we missed the spring zooplankton maximum because the first sampling date during the three study years often exhibited higher biomass). In contrast, although a second, smaller zooplankton biomass maximum occurred in the late stratified period in the oxic CCR and SHR, this peak did not consistently occur in the hypoxic BVR and GWR reservoirs, driving the biomass variability difference. The magnitude of the biomass maximum in the BVR and GWR in the late stratified season varied by ~9× in both reservoirs among years, in comparison to an ~3× and ~2× difference in biomass among years for CCR and SHR, respectively. Therefore, our data suggest that hypolimnetic hypoxia may increase the biomass variability of zooplankton communities, resulting in 
Total crustacean, cladoceran and copepod zooplankton biomass variability significantly increased from the early to late stratified period in the hypoxic reservoirs, but did not significantly change in the seasonally oxic reservoirs in the late stratified period (except for the copepods, which exhibited a decrease in biomass variability). The biomass variability increase in the hypoxic reservoirs was largely driven by copepods, which are generally the dominant group of zooplankton present in temperate waterbodies in the late stratified period [26, 27] . In almost all reservoirs and years, a zooplankton maximum was present in the early stratified period in each reservoir (except the GWR, but it is possible that we missed the spring zooplankton maximum because the first sampling date during the three study years often exhibited higher biomass). In contrast, although a second, smaller zooplankton biomass maximum occurred in the late stratified period in the oxic CCR and SHR, this peak did not consistently occur in the hypoxic BVR and GWR reservoirs, driving the biomass variability difference. The magnitude of the biomass maximum in the BVR and GWR in the late stratified season varied bỹ 9× in both reservoirs among years, in comparison to an~3× and~2× difference in biomass among years for CCR and SHR, respectively. Therefore, our data suggest that hypolimnetic hypoxia may increase the biomass variability of zooplankton communities, resulting in a larger deviation from the typical pattern of zooplankton seasonal succession that occurs in the late stratified period in more oxic systems.
One possible mechanism for increased biomass variability under hypoxic conditions is due to diel vertical migration (DVM) of crustacean zooplankton. DVM is a ubiquitous zooplankton behavior, in which a majority of the population migrates to the dark hypolimnion during the day to escape predation from fish and damaging ultraviolet (UV) radiation [33, 34, 57] . At nighttime, a large portion of the zooplankton population migrates back to the epilimnion, where they are closer to phytoplankton as a food resource, with a decreased risk of being eaten, or ending up damaged by UV radiation. However, because zooplankton also need oxygen for respiration [20, 21] , they may be forced out of the safety of the hypolimnion during the daytime and instead remain in the epilimnion, trading oxic stress for increased risk of predation or UV radiation damage [35] . Subsequently, the increase in the biomass variability of the zooplankton community during hypolimnetic hypoxic periods may be related to sporadic pulses of zooplankton taxa that suddenly increase due to emergence from sediment resting stages, and then shortly thereafter exhibit population crashes due to fish predation in the epilimnion or the deleterious effects of UV radiation. Additional data are needed to support these hypotheses, which were not possible to examine within our study scope.
In the hypoxic BVR and GWR, cyclopoid copepods primarily drove the pattern of increased biomass variability in the late stratified period. Because copepods have longer generation times than cladocera and are generally conspicuous for fish in well-lit waters due to their more opaque coloration, copepods are more likely to conduct DVM, and hence may be sensitive to hypolimnetic hypoxia [28, 58] , resulting in greater variability in their biomass during hypoxic conditions. In contrast, late season copepods in the oxic reservoirs did not exhibit as many fluctuations in their biomass, resulting in a decrease in their biomass variability throughout the stratified period ( Figure 5A ). While cladocera are expected to be less sensitive to hypoxia than copepods because they are more transparent and overall much smaller [26, 59] , thereby allowing them some release from visual predators (i.e., fish), we observed that the biomass variability of both taxa increased with the onset of hypoxia. Thus, our results suggest that hypoxia may affect the entire crustacean zooplankton community, though future studies are needed to directly assess the effects of hypoxia on individual zooplankton at a finer taxonomic level.
Counter to our predictions, we found that hypolimnetic hypoxia also increased the compositional variability for the dominance in crustacean zooplankton communities. The seasonally hypoxic reservoirs were more likely to be dominated by one or just a few taxa, primarily cyclopoid copepods and smaller cladocera, than the oxic reservoirs in the late stratified period (Figure 4 ). Following the hypothesis above, possibly the substantial day-to-day variability in the biomass of those dominant taxa drove the greater compositional variability in the hypoxic reservoirs than oxic reservoirs in the late stratified period. However, we were not able to test the specific mechanisms underlying the compositional variability differences between hypoxic and oxic reservoirs.
Hypolimnetic hypoxia was likely the main driver of the observed changes in the biomass variability and compositional variability of the crustacean zooplankton community. The mean hypolimnetic DO concentration decreased by about 7× in the late vs. early stratified period in the seasonally hypoxic reservoirs. In contrast, the mean hypolimnetic DO changed only slightly in the early vs. late stratified periods of the seasonally oxic reservoirs, which is likely why there were fewer differences in the variability of the zooplankton communities in these reservoirs. Changes in the other environmental variables between the early and late stratified periods are likely related to DO concentrations. For example, the significant increases in TN concentrations and phytoplankton biomass between the early and late stratified periods in the BVR and GWR may be related to the release of nutrients from the sediments to the water column that occurs under hypoxic conditions [60] [61] [62] and the subsequent stimulation of primary productivity.
Because crustacean zooplankton feed on phytoplankton [24, 42, 63] , increased phytoplankton biomass in the hypoxic reservoirs throughout the summer may have also amplified the biomass variability and compositional zooplankton variability differences between reservoirs. An increase in the Secchi disk depth and decrease in TP concentrations also existed in the seasonally oxic reservoirs from the early to late stratified period (but not in the hypoxic reservoirs), which may have also played a factor in the variability differences. Altogether, our data support [64] 's paradox of enrichment, in that greater food availability (phytoplankton biomass) results in greater variability of the predator (zooplankton) populations. While we are unable to model phytoplankton -zooplankton populations given the coarse temporal resolution of our sampling relative to phytoplankton generation times, our study adds field survey data to previous microcosm [65] and paleolimnological [12] studies that observed similar variability patterns.
A limitation of our work was that we were unable to account for some other environmental factors that may also affect the variability in zooplankton communities. For example, there may have been differences in fish grazing rates [66, 67] , disease transmission [68] , diel horizontal migration [69, 70] , or interactions among multiple variables that may have also affected zooplankton community variability. Also, the demarcation of the early vs. late stratified period inherently created non-independence between zooplankton samples and the other environmental variables across the season that we were not able to fully account for. Finally, the patterns of biomass variability and compositional variability were dependent upon the taxa present in our study systems; the results might be different in other lakes and reservoirs with different zooplankton assemblages.
Our work suggests that increases in hypolimnetic hypoxia intensity and duration may alter the biomass variability and compositional variability of zooplankton, thereby altering the seasonal succession dynamics of the zooplankton communities. The alteration of zooplankton communities could also lead to changes in the populations in other trophic levels (phytoplankton and fish), which has implications for water quality. Therefore, it is critically important to better understand the variability of ecological communities in waterbodies, and what the resulting consequences may be for ecosystem functioning and processes. Table A2 . Wilcoxon signed rank test statistics of the difference in crustacean zooplankton, cladoceran and copepod biomass variability and the compositional variability of crustacean zooplankton biomass between the early (when all reservoirs were oxic) and late stratified periods across years in oxic and hypoxic reservoirs, when the breakpoint between the early and late stratified period was 1 week later than shown in Table 5 . Only the compositional variability of total crustacean zooplankton (not individual copepod or cladocera group taxa) was calculated, because there were only two copepod taxa present in the reservoirs. A positive mean difference tells us that the value increased from the early to late stratified period. Bold P-values highlight statistically significant (P < 0.10) two-tailed P-values. Table A3 . Wilcoxon signed rank test statistics of the difference in crustacean zooplankton, cladoceran and copepod biomass variability, and the compositional variability of crustacean zooplankton biomass between the early (when all reservoirs were oxic) and late stratified periods across years in oxic and hypoxic reservoirs, when the breakpoint between early and late stratified period was 1 week earlier than shown in Table 5 . Only the compositional variability of total crustacean zooplankton (not individual copepod or cladoceran group taxa) was calculated, because there were only two copepod taxa present in the reservoirs. A positive mean difference shows that the value increased from the early to late stratified period. Bold P-values highlight statistically significant (P < 0.10) two-tailed P-values. 
Response
Response Variable Taxon
Hypolimnetic
